In this talk, a short discussion of the GSI anomaly is given. We discuss the physics involved using a comparison with pion decay, and explain why the observed oscillations cannot be caused by standard neutrino mixing.
WHAT HAS BEEN OBSERVED AT GSI
This talk is based on Refs. [1, 2] . In Ref. [3] it has been reported that, in electron capture (EC) decays, several highly charged ions may show a decay law modified by superimposed oscillations. After this, a huge debate arose in literature as to whether this observation could be related to neutrino mixing, or not .
THE SUPERPOSITION PRINCIPLE
The superposition principle states that, if several Feynman diagrams lead from the same initial to the same final state, the corresponding amplitudes have to be summed before squaring the total amplitude (coherent summation), while otherwise one has to sum over probabilities (incoherent summation). The former can lead to interference terms as; e.g., in neutrino oscillations, see Fig. 1(a) . In the latter, the different final states are physically distinct and cannot interfere, as for the different neutrino mass eigenstates that can be emitted in an EC decay (see Fig. 1(b) ).
3.
PROBABILITY AMPLITUDES
First example: Charged pion decay
Let us go away from the GSI oscillations and consider the decay of a charged pion (e.g. π + ) into |µ + ν µ or |e + ν e . An initial pion |π + evolves with time, and the corresponding time-dependent state |Ψ(t) will be a coherent superposition of all parent and daughter states,
whose correct normalization is imposed by the condition
Note that the basis states are orthogonal, as they are clearly distinct. The measurement process projects this time-evolved state onto some measured state |Ψ ′ (with a corresponding probability P = | Ψ ′ |Ψ(t) | 2 ) that depends on the respective experiment. Let us discuss several cases:
• The (trivial) case is that there has been no detection at all: Then we have gained no information. This means that the projected state is just the timeevolved state itself, |Ψ ′ = |Ψ(t) , as the probability for anything to happen must be equal to 1.
• If the experimental apparatus can give us the information that the pion has decayed, but one does not know the exact final state, then the only information is that A π = 0 in Eq. (1). This leads to
If there is any oscillatory phase in the amplitudes, A k (t) =Ã k (t)e iω k t , it will have no effect due to the absolute values.
• If we know that the initial pion is still present, this simply sets A µ (t) = A e (t) = 0, and |Ψ ′ = A π (t)|π + / |A π (t)| 2 with P = |A π (t)| 2 , which again does not oscillate.
• If one particular final state, let us say |e + ν e , is detected, then A π (t) = A µ (t) = 0 and we get another term free of oscillations:
Second example: Neutrinos
To be consistent with the GSI experiment, we consider a hydrogen-like ion as initial state |M that can decay to the state |Dν e via electron capture. Having factored out the leptonic mixing matrix elements U ei , the timeevolution of the initial state is given by:
, which has exactly the same form as Eq. (1). We can immediately look at different cases:
• If the parent ion is seen in the experiment, this kills all daughter amplitudes, A 1,2 (t) = 0. The only remaining amplitude is A M (t), which leads to the non-oscillating probability P = |A M (t)| 2 .
• The next case corresponds to the GSI experiment: One measures the decay, but cannot tell which of the two neutrino mass eigenstates has been produced. This leads to A M (t) = 0 and one has to perform a projection onto the state
which yields P = |U e1 A 1 (t)| 2 + |U e2 A 2 (t)| 2 . Again, the result is an incoherent sum over probabilities, which exactly reflects the superposition principle. As in the probability corresponding to Eq. (2) any oscillatory phase will drop out.
• A hypothetical GSI-like experiment with infinite kinematical precision could distinguish the states |Dν 1 and |Dν 2 . If one knows, e.g., that |Dν 1 has been produced, one will have yet another term without oscillations, P = |U e1 A 1 (t)| 2 .
These are all cases that can appear. One can furthermore show that the neutrino that is emitted in the GSI experiment (of course) does oscillate, which is done in Ref. [1] , but this does not affect the lifetime of the initial ion in any way. The only known physical possibility that could actually explain an oscillatory behavior of the lifetime is a tiny energy splitting in the initial state [2, 6, 14, 15] , whose origin has, however, not been explained yet.
CONCLUSIONS
It has been shown that the oscillatory modulation of the decay law that has been observed in the GSI experiment cannot be explained by standard neutrino mixing. This has been done using probability amplitudes that turn out to be the most convenient language to use. Although there have been many attempts for an explanation of the GSI anomaly, a satisfactory one is still missing.
